INTRODUCTION
Spondyloepiphyseal dysplasia congenita (SEDC, OMIM 183900) is a rare autosomal dominant inherited chondrodysplasia, which was first described by Spranger and Wiedemann in 1966 . 1 The most common features of SEDC are skeletal deformities such as shorttrunk dwarfism, odontoid hypoplasia, cervical spine subluxation, scoliosis, kyphosis, lumbar lordosis, coxa vara, genu valgum, clubfoot, pes planus and metaphyseal changes. Extraskeletal features, including mid-face hypoplasia, sensorineural hearing loss, ocular complications, cleft palate, micrognathia, thoracic hyperkyphosis and hypoplastic abdomen, have also been reported in some cases. 2 In 1980's, studies found a causative association between the abnormal mobility of type II collagen and SEDC, and heterozygous mutations in COL2A1 have since been identified in patients with SEDC phenotypes. SEDC is a rare disease with a prevalence of 3.4/1,000,000, which mostly results from random mutations sparsely distributed in the 54 exons of the COL2A1 gene. To date, a total of 539 different mutations have been identified globally and listed in the Human Gene Mutation Database, including 283 missense/nonsense mutations, 99 splicing mutations, 101 small deletions, 32 small insertions, 9 small indels, 11 gross deletions, 2 gross insertions and 2 complex rearrangements (BIOBASE Human Gene Mutation Database professional 2017.1, http://www.hgmd.cf.ac.uk/ac/index. php). So far, at least 56 distinct mutations related to SEDC have been reported in different ethnic groups. 3 However, the relationship between genomic mutations and their corresponding phenotypes in SEDC remains unclear. The most common causative mutation of SEDC (74%) is a single base substitution in the glycine residue of the triple-helical region of COL2A1, and a change from arginine to cysteine accounts for another 10% of causative mutations. 4 Some glycine to serine substitutions (e.g., p.Gly504Ser) result in milder skeletal dysplasia, although glycine to non-serine residue substitutions cause varying phenotypic abnormalities. 4, 5 The most frequent mutation, p.Arg989Cys, is associated with severe SEDC phenotypes. 6, 7 In the current study, we describe a novel de novo mutation (c.1150G4A, p.Gly384Ser) in COL2A1, which causes SEDC. The mutation may impair protein stability and lead to dysfunction of type II collagen, and may therefore be pathogenic. Our study supplements the known spectrum of SEDC mutations, may contribute to a better understanding of the genotype-phenotype correlation, and might be helpful in for the genetic counseling of patients with SEDC.
The patient was a boy with non-consanguineous Chinese parents. His family members, including his parents and his elder sister, were apparently healthy and did not display any symptoms or signs of SEDC. There was no family history of skeletal dysplasia. Short stature was noted after birth. Although his psychomotor development was normal, his short stature became more evident as he grew, and skeletal abnormalities were noted including scoliosis, pectus carinatum and metaphyseal changes. At 6 years and 11 months of age, his height was 106 cm ( o3rd percentile for normal Chinese males), and his weight was 21 kg ( o25th percentile). His hearing was not impaired. Routine blood and urine tests were normal. The analysis of enzyme activity related to lysosomal storage diseases was also normal.
Radiographic examination revealed mild kyphosis and severe lumbar lordosis, flattened and irregular vertebral bodies, wedgeshaped lumbar vertebral bodies, flattening of the acetabular roof and bilateral dysplasia of the femoral heads ( Figure 1 ). Based on these clinical and radiological findings, the patient was believed to have type II collagenopathy, SEDC.
We obtained written informed consent from his parents to perform molecular studies, which were approved by the Institutional Review Board of Peking University First Hospital. We performed whole exome sequencing of a genomic DNA sample from the proband (II:2) of the Chinese Han family with SEDC (Figure 2a) . A total of 141,178 genetic variants, including 12,547 non-synonymous changes, were identified in coding sequences or in the canonical dinucleotide of splice site junctions. Variants were functionally annotated and filtered using our cloud-based rare disease NGS analysis platform (https://www. gene.ac/), as previously described. 8 Exonic sequence alterations and intronic variants at exon-intron boundaries, with unknown frequency or minor allele frequency o1%, and not present in the homozygous state in those databases, were retained. Among them, 66 variants were found to be associated with skeletal disorders. In total 15 variants were associated with a dominant inheritance mode. Subsequently, a missense mutation in the COL2A1 gene, with a G to A transition at position 1,150, resulting in a substitution of glycine for serine at amino acid position 384 (c.1150G4A, p.Gly384Ser) in the Gly-X-Y triple helical repeating motifs of COL2A1, was identified as the potential SEDC-causing mutation (Figure 2b ). This variant has not been described in any other databases, including dbSNP, OMIM, ESP, ClinVar, 1000 Genomes, Human Gene Mutation Database, gnomAD and ExAc.
After validation by Sanger sequencing, this variation was observed only in the proband but not in his family members (Figure 2a) . Primer sequences used for validating the causative COL2A1 gene variant were as follows: F: 5′-AGAAAAACGGCAGCGT GAAC-3′ and R: 5′-AGAAGCTGCACTTACGGAGG-3′.
Three online software programs were used to predict the functional effects of this amino acid substitution. According to PolyPhen-2, this de novo mutation in our study is predicted to probably be damaging with a score of 0.999 (sensitivity: 0.14, specificity: 0.99) (http://genetics.bwh.harvard.edu/pph2/). 9 Using another program, PROVEAN, we predicted p.Gly384Ser to be damaging with a PROVEAN score of − 4.567, where scores below − 2.5 are deleterious (http://provean.jcvi.org/index.php). 10 MutationTaster also predicted that the alteration was disease-causing (http://www.mutationtaster.org/). 11 All of these computer-based protein analyses indicate that the de novo mutation of COL2A1 gene was likely the deleterious disease-causing mutation in this patient. We therefore concluded that the de novo mutation, c.1150G4A, was very likely to be the major cause of SEDC in this patient. SEDC is an autosomal dominant genetic chondrodysplasia resulting from pathogenic mutations in the COL2A1 gene encoding collagen II, which predominantly contributes to the fibrillar matrix of articular cartilage. The COL2A1 gene is 430 kb in length with 54 exons, and encodes a 134.4 kDa protein with 1487 amino acids. Collagen II has three domains: an N-propeptide which may be involved in the regulation of primary fibril diameters, a triple-helical domain which contains 330 Gly-X-Y repeats and is the predominant motif and a C-propeptide which is thought to play a fundamental role in the initiation of triple helix formation. After being secreted into the extracellular matrix, the N-and C-propeptides are cleaved to form the mature type II collagen. 12 The group of Andrzej Fertala has demonstrated that some mutations in COL2A1 alter individual collagen molecules and subsequently the structure of collagen fibrils, which has a negative impact on binding partners, resulting in a decrease in the thermostability of collagen. Furthermore, some mutations result in a slow rate of secretion into the extracellular space, and the accumulated structurally changed molecules activate an unfolded protein response and increase the apoptosis of host cells. 7, [13] [14] [15] Experiments in SEDC mice showed skeletal and growth plate abnormalities, along with impaired hearing and retinoschisis. 16, 17 Further analysis indicated that mutant collagen was unable to provide the normal meshwork required for matrix integrity and overall cartilage stability, 18 because this mutant collagen was largely synthesized and retained in the rough endoplasmic reticulum (RER). As a result, apoptosis of chondrocytes was induced by activation of the endoplasmic reticulum stress (ERS)-unfolded protein response (UPR)-apoptosis cascade. 19 Histological studies performed on type II collagen extracted from the femoral head cartilage of new type II collagenopathy patients by Su et al. 20 suggested that the expression and distribution of collagen II were abnormal, resulting in pathological changes of the embedded chondrocytes and abnormalities in the hierarchical structure of cartilage. Moreover, ultrastructural studies showed aberrant nuclei and RER in mutant chondrocytes, and disarranged collagen fibers in mutant cartilage. 20 This report describes a patient with an SEDC phenotype and a novel de novo COL2A1 mutation. Three computer-based protein analyses, PolyPhen2, PROVEAN and MutationTaster, indicated that this mutation was likely to be damaging, and we therefore concluded that the p.Gly384Ser mutation was pathogenic. Until now, including the p.Gly384Ser mutation, at least 57 different mutations in the COL2A1 gene have been described globally to be related to SEDC, with a range of phenotypes. However, the relationships between these mutations and their corresponding clinical manifestations are far from clear, and the expression profiles and characteristics of these mutant proteins still need to be explored.
